Abstract Electrodeposition of polypyrrole (PPy) was achieved on AISI 1018 carbon steel (CS) using a constant potential regime and cyclic voltammetry techniques evaluating different synthesis parameters, in monomer-containing oxalic acid solutions. Thereafter, CS PPy/Ni bilayer films were produced by Ni deposition onto PPy films using a potentiostatic method. The electrochemical performance of PPy/Ni-coated carbon steel systems was investigated in 3.0 wt% NaCl solutions. For this purpose, scanning Kelvin probe (SKP), open-circuit potential (E ocp ), polarization curves, and cyclic voltammetry techniques were used. The influence of electro-synthesis method and parameters were analyzed. It was found that the deviation in the Volta potentials is correlated to the interfacial interaction between the PPy/Ni bilayer coating and substrate. Considering both experimental methods to obtain PPy/Ni coatings, a more effective protection against corrosion can be formed when potentiodynamic (cyclic voltammetry) and potentiostatic techniques are combined.
Introduction
The rapid progress in the field of organic-inorganic hybrid bilayer coatings either chemically or electrochemically synthesized has stimulated much interest in technological applications in different fields such as military equipment, safety, protective garments, automotive, aerospace, electronics, optical devices, and the potential use of these coatings against the corrosion of commercial metals because of their unique properties from the combination of organic and inorganic hybrid materials [1] . Corrosion of different metallic substrates such as aluminum alloys, iron, and steel, which are corroded in many media, including most outdoor atmospheres, has an enormous detrimental economic impact. Hence, the development of methods and the exploration of different conditions to improve the protection of commercial carbon steel continue being an active research area. In this context, the corrosion protection of metals is still a big challenge as ever before; thus, the protection advantage provided by organic-inorganic hybrid bilayer coatings is that they seal pin holes/defects due to their passivation ability for corrosion protection of ferrous and non-ferrous alloys [2] [3] [4] [5] . Various organic-inorganic hybrid bilayer coatings have been successfully used for mild steel protection [6] [7] [8] [9] [10] [11] and other metals such as copper [12] [13] [14] or aluminum [15] . For their characteristics, nickel is one of the most used materials to obtain protective PPy/Ni hybrid coatings on metallic substrates [6, 7, 11, 12, 14] . The possibility of application of PPy/Ni hybrid coatings for corrosion application was introduced by Tüken et al. [6] , and since that time, different studies trying to explain the conditions where they can reach a high electrochemical performance in different environment have been done [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Among the synthesis methods, electrochemical deposition is a convenient and common method used to obtain organic-inorganic hybrid bilayer coatings. By employing classical electrochemical methods such as potentiostatic, galvanostatic, potentiodynamic, or pulse methods [6, 11, 12, 16, 17] , it can be obtained an adequate control of both the amount of the deposited polymer/metal bilayer and morphology of the metallic layer or metal particles deposited on the polymer surface or within the polymeric phase. The metal deposition process and the properties of the metallic phase within the polymer matrix influence the structure and morphology of the polymeric layer [18] . Thus, the electrochemical behavior of conducting polymer-metal coating depends on the size and amount of deposited metallic particles and their location across or on top of the polymeric layer. Adhesion is another factor to be considered when an electrochemical method is selected for the synthesis of PPy-metal coating [11] .
The present work devotes to the corrosion studies of PPy/ Ni (oxide/hydroxide) organic-inorganic hybrid bilayer coatings synthesized on commercial carbon steel by combining two electrochemical techniques: (1) pulse deposition, using a constant potential regime to obtain PPy/Ni (oxide/hydroxide) bilayers, and (2) the combination of cyclic voltammetry to form PPy films, and then the deposition of a Ni (oxide/hydroxide) coating by applying a constant potential in order to provide the background necessary to control the fabrication process and to take advantage of the surface defect's healing effect to enhance the electrochemical properties efficiently.
Material and methods

Synthesis of organic-inorganic hybrid bilayer coatings
To clean the surface of the carbon steel substrate prior to deposition, the working electrodes were mechanically grinding with 1,200 grit SiC abrasive paper and rinsed with acetone, then ethanol and finally, with distilled water in an ultrasonic bath. The AISI 1018 carbon steel surfaces were modified with PPy/Ni (oxide/hydroxide) organic-inorganic hybrid bilayer coatings combining potentiostatic and potentiodynamic techniques for the deposition. The PPy coatings were electrodeposited on metallic substrates from 0.1 M oxalic acid containing 0.5 M pyrrole by two electrochemical techniques: (1) pulse deposition at a constant potential regime of either 1, 100 or 1,200 mV with deposition times of 10 or 15 min; and (2) cyclic voltammetry at a specific sweep rate of 1 mV s −1 from 1 to 5 potential cycles. The PPy coatings were reinforced in a successive step with electrodeposition of a Ni layer from a 0.3 M oxalic acid solution containing 10 wt% of nickel sulfate by applying a constant potential at −1,050 mV vs SCE for 20 min with freshly prepared solutions.
The electropolymerization experiments were carried out in two different cell compartments with volumes of 200 mL. The first cell, which was used for potentiostatic experiments at different potentials and different deposition times, contained stainless steel (grade 316L, 30 mm×30 mm) as the counter electrode and AISI 1018 commercial carbon steel (30 mm× 30 mm) as working electrode, which was connected to a BK PRECISION 1746B power supply. The selected AISI 1018 carbon steel samples contain about 0.17 wt% of carbon, 0.76 wt% of manganese, 0.04 wt% of phosphorus, 0.05 wt% of sulfur and Fe balance. In these experiments, the PPy polymerization starts at the anode and spreads towards the cathode. The second cell, used for cyclic voltammetry tests, consisted of three electrodes connected to a GAMRY ZRA-600 series potentiostat/galvanostat. In this case, the samples consisted of carbon steel square plates (30 mm×30 mm); the auxiliary electrode was a platinum mesh with a geometric surface area of 75.96 cm 2 ; and a saturated calomel electrode was the reference electrode. The cyclic voltammetry experiments were carried out from −500 to 800 mV vs SCE. After electropolymerization, the coated electrodes were rinsed with distilled water and then with acetone [19] .
In order to corroborate the Ni deposition onto PPy surface, the bilayer coating surface was studied in a JEOL JSM-6300 equipped with an EDS voyager Tracor Northern Spectrometer. Electron accelerating voltage of 20 kV was used for back scattered electron and secondary electron investigations.
Scanning Kelvin probe measurements
The scanning Kelvin probe is a non-destructive technique that can measure the Volta potential of a metal or a polymer-coated metal [20, 21] . Scanning Kelvin probe (SKP) measurements were performed on the coated steel with a homemade Wicinski & Wicinski SKP apparatus (Germany) to determine surface reactivity or surface potential maps. The as-prepared specimens were analyzed for at least 24 h of exposure in the presence and the absence of chloride ions (1 wt%). A planeended cylindrical Pt probe with a diameter of 250 μm was used as a needle, which could be moved with three stepping motors for X, Y, and Z directions. All areas were automatically scanned stepwise, while the sample/needle distance was defined manually before starting the scan. Measurements were performed over a scanned area of 5 mm×5 mm in a sealed chamber at a relative humidity of 95 %. The distance between the probe tip and the specimen was maintained at 10 μm throughout the tests, as monitored with a video TV camera system, to avoid the potential fluctuation due to changes of distance.
Before each measurement, the Kelvin probe was calibrated using a standard Cu/CuSO 4 (CSE) solution to establish a relation between the work function and the differences in corrosion potential or surface protection provided by the different deposition conditions and to avoid a potential shift of the interface during investigation. SKP potentials are given relative to the potential of the standard hydrogen electrode (SHE).
Electrochemical measurements of the coatings
After deposition of hybrid coatings onto commercial carbon steel, electrochemical studies were performed using a Gamry ZRA 600 potentiostat/galvanostat. For these measurements, it was selected a geometric area of 1.2 cm 2 as working electrode. Corrosion tests were carried out to investigate the performance of the PPy/Ni films on the AISI 1018 commercial carbon steel samples. The electrochemical measurements were made in a conventional three-electrode-type cell using a saturate calomel electrode as a reference and a platinum mesh as a counter electrode. The evaluations were performed in NaCl solution (3.0 wt%) at room temperature under atmospheric conditions. The metal-coating-electrolyte interfaces were characterized by open-circuit potential monitoring (E ocp ), polarization curves, and cyclic voltammetry (CV). Polarization plots were recorded from −250, SCE (E ocp ), to 1,200 mV (SCE) from free corrosion potential, at a specific sweep rate of 1.6 mV s Surface analysis of the organic-inorganic hybrid bilayer coatings after electrochemical tests
The structure of the corrosion products formed on the carbon steel/PPy/Ni (oxide/hydroxide) surface after electrochemical tests was detected with X-ray diffraction patterns using a D8 Advance, Bruker AXS, and a Cu Kα radiation (λ=1.5405 Å). The apparatus was operated at 35 kV and 25 mA, and the samples were scanned at a speed of 0.0 2°min −1 in a 2θ range of 10°-100°.
Atomic force microscopy (AFM) was used for mapping the topography of PPy/Ni oxide/hydroxide organic-inorganic hybrid bilayer coatings using a Nanosurf easyscan 2 AFM/STM, in the contact mode with a Si cantilever with a nominal force of 20 nN.
Raman spectra were recorded by using a LabRam HR800 series, Joriba Hobin Yvon, employing a 632.8-nm laser beam. The spectra were recorded by using a ×50 objective and accumulated for 2 s. The power was kept very low (∼0.5 mW) to avoid destruction of the samples.
Salt fog testing
The salt spray (fog) evaluation is often used to evaluate the relative corrosion resistance of coated and uncoated samples exposed to salt spray or fog at high temperature. The samples (4×4 cm) were placed in an enclosed Dycometal SSC-400-CNS-10 salt spray chamber and subjected to a continuous indirect spray of a pH 6.8 salt-water solution containing 5 wt% NaCl for 96 h. To exclude contamination, fresh solution was used for each spray. These conditions were maintained throughout the test. The water in the salt spray chamber conformed to ASTM D1193 Specification for Reagent Water, Type IV. Sodium chloride was added to maintain a 5 wt% salt concentration [22] . When the samples were placed into the chamber, the cabinet was pre-conditioned to the operating temperature of 36°C and a 5 wt% salt solution fogging condition of 12 mL h −1 . The default position for sample placement is 25°from vertical.
Results and discussion
Structural steels are commonly separated into two main categories, carbon steel and alloyed steel. Carbon steel must be used in situations where it is very well protected from exposure to both water and oxygen, and this is usually achieved by painting the clean, bare surface. The composition and morphology of the protective corrosion coatings for industrial applications can be very different from the non-protective coatings formed on carbon steel. In this way, the evolution of the preparation method of PPy/Ni (oxide/hydroxide) organic-inorganic hybrid bilayer coatings on AISI 1018 carbon steel substrates proposed here plays a crucial role delaying the corrosion attack of aggressive ions on the metallic surface. Thus, spatial resolution of the degradation process in the samples to determine their electrochemical performance is required. SEM/EDS analyses were used as an approximation to confirm the Ni deposition onto PPy films and evaluated the qualitative composition of the organic inorganic hybrid bilayer coatings. Figure 1a- It is well-known that the substrate/polymer/Ni (oxide/hydroxide) interaction is mainly determined by adsorption (adhesion) forces, which include van der Waals, ionic, and donor-acceptor bonds [24] [25] [26] , changes in the electrochemical potential of the electrical double layer of the system as well as the stability of interfacial bonds (in a humid atmosphere). Hence, Scanning Kelvin Probe (SKP) measurements were carried out to establish further understanding on the interfacial properties of the coatings. The technique has been shown to be a useful and versatile tool for studying corrosion problems under thin and ultra-thin electrolyte layers and at the buried organic coating/ metal interface. SKP measures the different work functions between the working and reference electrodes (Kelvin probe). The surface condition and electrochemical activity of the target can be determined precisely.
In this analysis, the observed Volta potential of the carbon steel/polymer/Ni (oxide/hydroxide) is directly linked to the electrode potential of the substrate/polymer/Ni (oxide/hydroxide) interface. A typical experimental setup consists of a working electrode (WE) and reference electrode (Kelvin probe) that are connected by an external electrical circuit. In such a case, the Fermi levels of both materials are identical and the sum of energies necessary to transfer an electron from the working electrode to the reference metal is also zero.
The Kelvin potential is defined as the local Volta potential difference between the probe and specimen; i.e., taking into account that the energy of an electron in the WE is given by the electrochemical potential, which comprises two parts: (1) a chemical potential, μ e Me and (2) Galvani potential, φ e Me [26] .
And the work function of the reference electrode can be formulated as:
Where μ e Re is the chemical potential electron in the reference metal, and χ Re the surface potential or dipole potential of the reference phase influenced by crystal face orientation and step density.
Then, the transfer of an electron from carbon steel (CS) into the inorganic-organic hybrid system (PPy/Ni oxide/hydroxide), assuming that a Ni film covers almost the entire PPy surface, can be expressed as:
With μ e CS and μ e PPy/Ni being the chemical potential of an electron in the carbon steel, and polymer and Ni oxide/ hydroxide coatings, respectively. φ CS and φ PPy/Ni are the Galvani potential of metal and polymer.
An additional energy describing the transfer from the PPy/Ni oxide hydroxide coating into the gas phase (from outside the surface to an infinitely far away position) must be considered:
The Galvani potential is equivalent to the potential drop from infinity to a point inside the given phase. Hence, the sum of the surface potential χ and the Volta potential ψ gives the potential drop between the bulk and the vacuum level infinitely far away from the surface:
The electron is finally transferred from the gas phase into either the reference metal or reference electrode (Re):
Combining Eqs. 2 and 7:
Due to the sum of ΔE 1 +ΔE 2 +ΔE 3 =0,
The first two terms of the equation are considered as the absolute Hall cell potential of the CS/Ni oxide/hydroxidecoating interface:
If the Ni (oxide hydroxide) coating degrades, an aqueous electrolyte will be placed initially between the polymer and Ni (oxide hydroxide) coating, and eventually, between the metallic substrate and PPy/Ni (oxide hydroxide), and in those conditions, we can consider two interfaces between the CSelectrolyte and electrolyte-PPy/Ni (oxide hydroxide) coating. Hence, the Galvani potential Δφ CS PPy/Ni must be replaced by two new potential differences: the potential difference Δφ CS El at the CS-electrolyte interface and Donnan potential at the electrolyte-PPy/Ni (oxide hydroxide) interface
Thus, the local potentials observed in Figs. 2 and 3 and Table 1 (given by simultaneous evaluation of Eqs. 10 and 11) for intact contact and degraded or disbonded coating with and without corrosion product helped to investigate the corrosion processes under atmospheric weather conditions on a microscale or even nano-scale. Stratmann et al. [27] [28] [29] have shown that the open-circuit potential of pure metals is linearly dependent on the Volta potential measured under a thin electrolyte layer and it has also been confirmed by other authors [30, 31] . For this reason, in our work, the technique was used to evaluate inhomogeneities on the coated surfaces, and indirectly, the effects on the corrosion potential. (1-5 min) and after these minutes, the data tend to stabilize during the exposure time. The observed mismatch between the Volta potentials at 0 h and after 24 h is explained as follows: (1) The thickness of the PPy/Ni (oxide/hydroxide) coatings as well as the grain size and compactness delay the electrolyte penetration through the coating, (2) adhesion between the CS-PPy/Ni (oxide/hydroxides) interfaces, and (3) the Ni nanostructures in aqueous medium can be transformed into mixed oxides or hydroxide compounds. Numerous studies have pointed out the complexity of the nickel system in aqueous medium [32] [33] [34] , which can involve the presence of several nickel hydroxide phases. Indeed, nickel hydroxide may be found for instance as metastable α (II) phase, which contains water between layers, or as its anhydrous stable phase β (II) [26] [27] [28] [29] . Thus, the distinctive images identified the domains of the water-Ni (oxide/hydroxide)/PPy/substrate interaction with the possible formation of new nickel hydroxides during the evaluation. Consequently, after 24 h of exposure, the samples displayed Δψ PPy/Ni Re augmentation caused by an increase in the oxide/hydroxide film thickness that creates a resistance to the passage of corrosion current.
SKP measurements on the PPy/Ni (oxide/hydroxide) coatings were also made in the presence of Cl − ions (1 wt%); the results as functions of the applied potential and deposition time at the initial stage of 0 h and after 24 h of exposure in the chamber are shown in Fig. 3a-d . The clear contrast in SKP measurements and the effects on the Volta potential could again be correlated with the presence of aggressive Cl − ions and the surface changes on the organic-inorganic hybrid bilayer coatings. It is also seen that the Volta potential is greatly influenced by the presence of NaCl, which caused initially, a reduction of the local Volta potential by ca. 700 mV vs CSE, but after 24 h, it was increased again. An explanation for these observations is that without aggressive ions and in the presence of a thin humid layer and air, the CS/ PPy/Ni system tends to be passivated; on the other hand, the surface is activated and corroded in the presence of chloride ions [35, 36] . In fact, the local Volta potential drop is consistent with the passive-active transition induced by the aggressive electrolyte at 0 and 24 h. The samples synthesized at 1100 mV (SCE, 10 min) and at 1,200 mV (SCE, 15 min) shifted the Volta potential to positive values, which probably reflects the fact that the electrolyte has reached the substrate, where iron oxide has sealed the surface, producing a Volta potential displacement towards more positive values (Fig. 3a,  d) . Conversely, the coatings deposited at 1,100 mV (SCE, 15 min) and 1,200 mV (SCE, 10 min) show an equipotential surface at 0 and 24 h with differences that are lower than 70 mV vs CSE in the scanned area (Fig. 3b, c) . (SCE, 15 min) . Early studies have indicated that a metal surface coated with polymer containing acidic sites shifts the potential positively to the uncoated metal surface and that the thickness of the coating exerts a negligible influence on the potential of the metal polymer electrode [35, 36] . Hence, the deviation in the voltages is correlated with the interfacial interaction between the coating and substrate.
On the other hand, the PPy/Ni (oxide/hydroxide) coatings prepared by combining cyclic voltammetry and applied potential (1,200 mV (SCE), 20 min) techniques featured Volta potentials that were more stable during the evaluation time (see Table 1 ) than those displayed by the coatings synthesized potentiostatically. In particular, with three and four potential cycles, the formation of iron oxides provides better passivation for carbon steel electrodes. The performance comparison of surface potentials of this multilayer coating (PPy/Ni (oxide/ hydroxide)) and single PPy coating shows that the multilayer coating affords more positive and stable Volta potentials of carbon steel in NaCl solution (at 0 h) [37] . From these results, it may be proved that the density of the PPy film during growth leads to the formation of small pores that are sealed by nickel deposition, which hinders the penetration of aggressive ions. Thus, when Ni particles are deposited onto PPy, stable Volta potential values probably decrease the charge transfer resistance due to an increase in the barrier properties of the metallic film.
Due to the fact that SKP is applicable for measuring the diffusion and migration of ions along the interfaces between polymers and metals, the results can be explained as follows: in the initial step, the NaCl solution diffuses into the Ni (oxide/ hydroxide)/PPy coatings until the trapped solution saturates the coating. The initial steel/coating interface is replaced by electrolyte/Ni (oxide hydtroxide)/PPy and steel/electrolyte/ PPy interfaces. With an increase in the amount of diffusing solution, it is expected that the electrolyte interface concentration and electrochemical reaction rate change, resulting in a significant change of interfacial potential. Moreover, the coating surface potential and Donnan potential also vary with an increase in NaCl solution [35] [36] [37] . With continued immersion, the double-charged layer achieves a relatively steady state, as does the steel/electrolyte interfacial potential. Thus, a strong change of Volta potential is the result of the presence of the corrosive Cl − ions, the exposure time, and the NaCl penetration degree into or from the interface as well as the ability to hydrolyze interfacial bonds. In this way, the Volta potential identified the areas where the electrolyte reached the substrate, substrate intact regions, or even zones where the corrosion products occurred under poorly adhering coating. If the Volta potential is correlated with the corrosion reaction at the substrate, then the potential difference between the areas where the corrosion process begins and the intact polymer zones could indicate the driving force for further film delamination.
Electrochemical measurements
E ocp measurements
To corroborate the SKP results, electrochemical measurements were conducted in a 3.0 wt% NaCl solution. As it is known, the redox activity and conductivity of PPy/Ni (oxide hydroxide) coatings are relevant in the inhibition of corrosion of the metallic substrate because of the electron-transfer reactions that lead to the surface passivation [38, 39] . Hence, hybrid coatings were characterized by open-circuit potential (E ocp ), polarization curves, and cyclic voltammetry techniques. E ocp is the potential at which there is no current and is one of the simplest quantitative methods to study the corrosion behavior of metals or coated metals with time. Thus, the E ocp evolution as a function of time can be used to evaluate the corrosion protection degree attained after covering the substrate with a bilayer hybrid coating. To achieve passivation, the corrosion potential must be shifted anodically (ennobling) towards the passive region of the carbon steel in the environment to be encountered in service. Figure 4a-b shows the E ocp curves of CS/PPy/Ni (oxide/hydroxide) samples synthesized by both methods (potentiostatic and potentiodynamic) for 900 s of immersion in a 3.0 wt% NaCl solution, respectively. During the measurements, uncoated carbon steel was also depicted as a reference. It is important to mention that before monitoring, the hybridcoated electrodes were washed with distilled water and subjected to tests in chloride solution.
In general, E ocp is shifted to more anodic values in comparison with bare carbon steel (−715 mV, SCE) under the same experimental conditions. Except for PPy/Ni deposited at third and fourth potential cycles, which remained fairly constant throughout the tests. During the first step (after about 90 s), the E ocp evolution was characterized by a strong initial decrement, and thereafter, it was decreased slowly with a tendency to be stabilized, i.e., steady states were attained with small changes of E ocp after 900 s owing to the balancing rate between the reduction and oxidation process. By comparison, coated PPy/Ni (oxide/hydroxide) specimens using a potentiostatic approach displayed a corrosion potential that was lower than that observed by combining cyclic voltammetry and a constant potential regime (Fig. 4a-b) . After 900 s, the attained potentials for deposition of PPy/Ni(oxide/hydroxide) bilayer coatings using a constant potential regime were: −373, −539, −346, and −327 mV vs SCE when PPy films were grown at 1,100 mV, SCE (10 or 15 min) and 1,200 mV, SCE (10 or 15 min), respectively, Fig. 4a . Whereas a higher degree of corrosion protection was attained using cyclic voltammetry, specifically, with three and four potential cycles (72 and −42 mV vs SCE, respectively), Fig. 4b .
The sharp rise observed during the first seconds of immersion on coated samples obtained by the potentiostatic approach is probably due to surface activation, reaction of the surface of the PPy/Ni (oxide/hydroxide) organic-inorganic hybrid bilayer coatings and/or activation of the metallic substrate in the presence of the NaCl solution.
Large shifts (∼+600 mV vs SCE) in E ocp of PPy-coated steel from oxalate electrolyte compared with bare steel have been reported [40, 41] , whereas other works have presented a lower shift in the corrosion potential of about 200-400 mV [42] . In this work, a maximum E ocp displacement of about 4 0 0 m V ( S C E ) w a s o b s e r v e d w h e n P P y w a s electropolymerized by cyclic voltammetry, but the Ni deposition ennobled E ocp up to +760 mV in comparison with the uncoated metallic substrate. The mismatches are commonly 
SCE)
t (s) Fig. 4 E ocp evolution on PPy/Ni (oxide/hydroxide) organic-inorganic bilayer coatings after 900 s of continuos immersion in a 3.0 wt% NaCl solution related to the surface preparation, used counter-ion, solvent, and synthesis method [43] . To this last respect, Otero and DeLarreta have pointed out that the choice of the electrochemical method has an important influence on the morphology and adhesion of the polymer [44] . Consequently, a clear dependence on the morphology of PPy films was observed during the E ocp measurements; i.e., the steady state is slowly reached in samples that display a density of valleys that is higher than that presented by a smoother nodular morphology, thus depending on the deposition conditions of the PPy film and the subsequent deposition of the Ni coating; the results highlight the effect of the microstructure on the E ocp values depending on the preparation method. It can be also inferred that the presence of a nickel layer on the PPy coatings was helpful in maintaining passivity.
Polarization curves
Assuming that steady state would be a change of less than 5 mV in E ocp , all the values of measured E corr were obtained after 1 h of exposure to the aggressive medium, the time to reach the steady state. Only the most outstanding electrochemical results were shown and compared for each preparation method to obtain corrosion resistant PPy/Ni (oxide/hydroxide) coatings. Figure 5a -b shows the anodic polarization curves recorded for a variety of pure PPy films prepared by a constant potential regime on metallic substrates and selected PPy/Ni(oxide/hydroxide)-coated electrodes after immersed for 1 h in a 3.0 wt% NaCl solution. For comparison, the electrochemical response of the uncoated samples is also shown. In the case of the CS electrode, there was an active dissolution followed by a region between −200 and 200 mV (SCE), where the current density of the metallic surface was increased gradually, shadowed by a narrow drop at 240 mV (SCE), and finally, the active dissolution process went on. The corrosion potential value for these samples is about −664 mV with a corrosion current density of 5.32×10
. The polarization curve for an uncoated carbon steel substrate was appreciably different from that of a coated CS substrate. In the case of coated samples without deposited Ni layers (Fig. 5a) , it is seen very variable displacement in the potential with maximum values in positive direction of about 147 mV (−517 mV, SCE) and −88 mV in negative direction (−752 mV, SCE). Except when PPy was synthesized at 1,200 mV (SCE), the corrosion current density values were higher or similar than that observed for bare steel which varies in the range from 4.47×10 . The behavior is commonly correlated with the oxidation of polymer film; as increase the overpotential, the degradation (irreversible oxidation leading to cleavage of polymer bonds) of film occurs increasing the current value [45] [46] [47] . The variations of E corr seem to be correlated with the topography of the polymer forming the film which in turn is modulated with the applied potential and deposition time (inset AFM images, Fig. 5a ). Even though the corrosion rate on coated samples is higher than uncoated specimens, the shape of the anodic curves for the PPy-coated samples shows that the carbon steel substrates tend to be passivated. The performance confirms that the PPy is only acting as a physical barrier between the corrosive medium and underlying metal, but failed, due to the pores in the polymer film, which cause that polymer film oxidation takes place. It has been well recognized that the over oxidation (degradation) of polymer film leads to increase in its permeability and the coating becomes less protective, as the potential value increases [45, 46] .
On the other hand, an analysis of the anodic branch reveals that the passivation region and stability varies when the Ni layer is deposited on PPy films formed by different preparation methods. For example, it is apparent that the E corr values shift to nobler values and the current values decrease depending on the porosity and densification obtained during the growth of the PPy layer. When the PPy/Ni layer is synthesized by combining potentiodynamic and potentiostatic approaches, the corrosion potential and corrosion current density values are about −61 mV (SCE), 1.32×10 6 A cm −2 and 25 mV (SCE), 6.01× , when the samples are synthesized by a constant potential regime at 1,200 mV (15 min) and 1,100 mV (10 min), respectively. The comparison of uncoated and coated samples shows, as expected, that the PPy/Ni surface is more easily ennobled than those of bare steel or PPy coatings.
Differences in the formation of passive films are observed when PPy coatings are synthesized by potentiodynamic or potentiostatic methods; using the applied potential approach to obtain PPy films, there is a slight tendency to form a passive layer, and the corrosion process is controlled by the dissolution of the passive layer of the Ni oxide due to the localized adsorption of Cl − ions, whereas with the opposite, more defined passivating regions were observed using the cyclic voltammetry technique. Thus, at constant potential during the growth of PPy films, denser but heterogeneous PPy/Ni coatings are observed by atomic force microscopy (insert in Fig. 4) , which allow the formation of active sites for adsorption and incorporation of chlorides into the passive film. The Cl − ions migrate to the PPy/Ni oxide interface and initiate the corrosion process. It has been reported that the anodic dissolution of the Ni layer leads to the formation of stable nickel oxides (NiO) on the surface, which can help to seal the pores [7, 45] . However, in our experiments, the permeability of the Ni layer, when the PPy layer is synthesized by the potentiostatic approach (1,200 mV, 15 min), allows the corrosion process under the NiO-Ni(OH) 2 layer. The dissolution of the oxide film of the coated CS is associated with oxygen production in the metal coating interface from the corrosive NaCl solution, which passes through the pores or through the film, which leads to the blistering of the coating [48] . The observed behavior of the samples can be explained as follows: the PPy chain stores more charge, making the potential of the metallic substrates more positive, whereas compounds with conjugated double bonds are adsorbed more readily on a metal surface due to metal to PPy π-bonding, which impedes the formation of localized anodic or cathodic regions. In addition, the iron oxides, iron oxalate compounds, formed during PPy electropolymerization, and also NiO/ Ni(OH) 2 can play a role of oxidizers that would help to maintain a rather low conductivity and therefore a low ability to transfer the necessary charge for keeping the metal passivation [49] . Thus, since the j corr values are directly proportional to the corrosion rate, the presence of the Ni coating provides greater corrosion resistance to CS than an uncoated surface or a PPy-coated surface.
Cyclic voltammetry
An analysis of PPy/Ni layers when PPy is synthesized by a constant potential regime at 1,200 mV vs SCE (15 min) and cyclic voltammetry (after three sweep potentials) in a NaCl solution was also followed using the cyclic voltammetry technique, and the results are shown in Fig. 6a-b . The voltammogramms recorded on reinforced PPy films, produced by the potentiostatic method at 1,200 mV vs SCE (15 min) , show that during the first cycles in this solution, broad anodic and cathodic peaks appear at −203 and −2643 mV vs SCE, respectively, which can be attributed to the oxidation of some Ni compounds and their corresponding reduction (Fig. 6a) . During the following cycles, the current density decreases drastically due to the passivating nature of the NiO produced during the first cycle of potential and loss of electroactivity, which is totally reached after 15 potential cycles. For the PPy/Ni films produced by combining potentiodynamic and potentiostatic techniques, the stabilization or electroactivity loss is reached from the first sweep potentials, in a more pronounced fashion (Fig. 6b) . The voltammograms do not reveal the characteristic wave attributed to the PPy/Ni (oxide/hydroxide) redox process, probably due to the overoxidation process of these films, which is in good agreement with the polarization measurements. The PPy/Ni (oxide/hydroxide) coatings obtained by combining the potentiodynamic and potentiostatic approaches retained stability during the evaluation of the electrochemical activity even after 20 cycles, which is a necessary condition to protect against corrosion according to data reported in the literature [50] [51] [52] .
From electrochemical measurements, it is demonstrated that the PPy/Ni (oxide/hydroxide) layers produced by combining the potentiodynamic and potentiostatic approaches constituted an effective physical barrier against the attack in a corrosive environment. As a consequence, much lower current density values were observed for coated samples. The permeability of the interface PPy/Ni (oxide/hydroxide) layers determined their corrosion protection efficiency.
Surface characterization of the corrosion products after electrochemical tests
The surface microstructure and composition of selected CS/ PPy/Ni (oxide/hydroxide) coatings produced by potentiostatic Fig. 7 Characterization of corrosion products by X-ray diffraction spectra of selected samples after electrochemical measurements and/or potentiodynamic methods after electrochemical tests and exposed to a 3.0-wt% NaCl solution were examined by Xray diffraction and Raman spectroscopy. The corrosion products on the surface of the coatings after potentiodynamic polarization experiments, determined by XRD BraggBrentano configuration, are shown in Fig. 7a-b . In the PPy/ Ni bilayer coatings, it was observed that Ni oxide/hydroxide could have been transformed into NiCl 2 , being formed as the primary corrosion product. In agreement with analogous studies [53] [54] [55] [56] , XRD spectra also show the peaks of austenite α-Fe, γ-Fe 2 O 3 (maghemite), α-Fe 2 O 3 (hematite), β-FeOOH (akaganeite), γ-FeOOH (lepidocrocite), Fe 3 O 4 (magnetite), and FeCl 3 . The intensity and presence of these compounds varied depending on the preparation method; i.e., in samples synthesized by potentiostatic approaches, the aggressive ions produced higher partial dissolution of the surface film in the exposed area than that observed when PPy was synthesized by cyclic voltammetry. It is well-known that depending on the electropolymerization method the thickness can be quite different, which can affect the overoxidation of the polymer; in such case, it is expected that during potentiostatic method the overoxidation be greater that of potentiodynamic method; however we consider that under experimental conditions, the thickness are comparable; 45.1-93.7 and 30.3-74.7 μm for potentiostatic and potentiodynamic method. Thus, the apparition of iron oxide compounds suggests that Ni/PPy-coated carbon steel obtained by cyclic voltammetry and potentiostatic approaches seal more efficiently the PPy pores where corrosion began.
Raman spectroscopy of selected samples after polarization measurements was also carried out and shown in Fig. 8 .
Analysis of the spectra clearly revealed the existence of different iron oxide corrosion layers, with the structures of hematite, maghemite, lepidocrocite, and magnetite [57] [58] [59] .
Hematite is characterized by a strong intense peak at 292 and 300 cm [62, 63] . It is noteworthy in relation to Fig. 8 that both iron oxides exhibit the typical Raman peaks and some of them are overlapped.
As it was expected, important variations of the Raman spectra can be observed depending on the PPy electropolymerization method, which provokes differences in the attack of aggressive ions during the electrochemical measurements. The PPy/Ni bilayer coating and its mechanism seem to be complicated; however, the fact that these spectra show PPy signals after polarization measurements, when the samples were electrodeposited by combining potentiodynamic-potentiostatic methods in comparison with samples synthesized by the potentiostatic approach as well as the visual aspect of the samples (inset figures), indicates a clear dependence of the barrier properties on the morphology. With the reduction of pores in the PPy coatings and the seal of the Ni layer, the diffusion of ions through the polymer makes more difficult the reduction of the corrosion rate. Salt spray (fog) testing is one of the most popular forms of testing protective coatings. Photographs from visual inspection of selected samples before and after 96 h of salt fog testing using both methods of preparation are shown in Figs. 9 and 10. It is important to mention that the samples were unsealed to accelerate the corrosion process. For comparison purposes, PPy coatings synthesized under similar deposition conditions on a metallic substrate are also shown in Fig. 9 . Although all the samples display the red rust characteristic of the corrosion products, the PPy coatings show a steel surface completely corroded, whereas the PPy/Ni (oxide/hydroxide) layers inhibited corrosion, reducing the fraction of the corroded area. Apparently, the PPy/Ni (oxide/hydroxide) coatings obtained with PPy, synthesized at 1,100 mV (SCE), 15 min and 1,200 mV (SCE), 10 min show the enhancement of the properties against corrosion; i.e., the surface shows less corrosion than the CS/PPy system under similar conditions. These results are in good agreement with the polarization measurements. On the other hand, by combining cyclic voltammetry to form PPy films (with one to five cycles) and then reinforcing the polymer coatings with Ni particles by applying a constant potential (Fig. 10) , the anticorrosive property of the coatings regarding steel rusting, blistering, or delamination is observed. With one and five potential cycles, the PPy-Ni coatings exhibit considerable blistering, which can be reduced with two and four sweep potentials, whereas a slightly rusted surface is observed by using as-prepared samples at three potential cycles. Blistering or delamination of organic-inorganic coatings results from different factors such as adhesion at the metallic-coating interface, ionic permeability of the coatings, and balance of the active-passive protection mechanisms. The combination of compact PPy coatings with higher thickness and small Ni nanoparticles that seal the pores inhibits corrosion of carbon steel. Perhaps, when the potential cycles are increased (especially to five), the agglomerates are too big to seal the organic holes causing poor corrosion protection. Thus, carbon steel is covered by a bilayer coating comprised of a passive film and polypyrrole/Ni coatings, which is more effective when the PPy films are electropolymerized by cyclic voltammetry (three and four potential cycles), which is not observed by applying a constant potential regime.
Finally, considering both experimental methods to obtain PPy/Ni coatings, more corrosive-resistant PPy/Ni coatings for carbon steel can be formed when potentiodynamic (cyclic voltammetry) and potentiostatic techniques are combined. These coatings significantly reduce the migration of corrosive agents such as Cl − ions into the coating, similar to other hybrid coatings.
Conclusions
This study demonstrates that the electrochemical process parameters of polypyrrole electropolymerized layers put in contact with AISI 1018 carbon steel have great influence on the formation process of electrodeposited Ni (oxide/hydroxide layers) to form a hybrid coating as well as on the electrochemical performance of the CS/PPy/Ni system. SKP measurements indicate that the Volta potential displayed an apparent correlation between corroded areas and intact areas, which is observed with an important deviation in the voltages. The PPy/Ni hybrid bilayer coating however, a clear dependence on the morphology of PPy films was observed during electrochemical measurements, which in turn depends on the preparation method. The steady state is slowly reached in samples that display higher density of valleys than that presented by a smoother nodular morphology. By comparing both synthesis methods, it can also be settled that by using the applied potential approach to obtain PPy films, there is a slight trend to form a passive layer; in this case, the corrosion process is controlled by the dissolution of the passive layer of the Ni oxide due to the localized adsorption of Cl − ions, whereas the opposite, more defined passivating regions were observed by using the cyclic voltammetry technique. Especially with three and four potential cycles, the nucleation of iron oxides and ferrous oxalate crystals provides better passivation for carbon steel electrodes, stabilizing the corrosion potentials. Thus, the permeability of the interface PPy/Ni oxidehydroxide layers determine their corrosion protection efficiency. The corrosion studies corroborate that the composition and presence of different compounds vary depending on the electrochemical parameter during the synthesis of PPy on this commercial carbon steel. The fabrication method of these coatings on carbon steel are able to exhibit under certain conditions an effective physical barrier to improve the corrosion protection efficiencies in chloride media and the adhesion between CS/PPy/Ni (oxide/hydroxide) layers. 
